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A future linear e±e− collider with a clean environment, tunable collision energy, high luminosity,
polarized incoming beams, and additional e−e−, eγ and γγ modes, will offer precision tools to explore
new physics. Here we summarize three papers submitted to the ICHEP04 conference in which polarized
e+e− and γγ beams are exploited to search for CP violation, and universal extra dimensions (UED).
1 Transverse beam polarization at
a linear e+e− collider and new
physics1,2,3
A 1 TeV linear e+e− collider with high lu-
minosity and polarized beams is now a dis-
tinct possibility. If spin rotators can produce
transversely polarized beams (TPB), provid-
ing two more vectors, they would make it pos-
sible to observe CP violation by observing a
single final-state particle without measuring
its spin. Two specific processes have been
considered:
a) e+e− → tt¯1,2
The four-Fermi Lagrangian of beyond the
SM contact ee¯tt¯ interactions (CI), after Fierz
transformation, takes the form
L4F = Σij [ Sij(e¯e)i(t¯t)j + Vij(e¯γµe)i(t¯γµt)j
+Tij(e¯σµνe)i(t¯σ
µνt)j ] (1)
where (f¯Of)i=f¯OPif , SRR=S∗LL, Vij=V ∗ij ,
TRR=T
∗
LL and non-diagonal S and T vanish.
With TPB the chirality-violating S and
T terms interfere with the SM contributions
and can be studied, in contrast to the cases of
no or longitudinal beam polarization, where
they appear only at second order. Assuming
Pe− along the x-axis and anti-parallel Pe+ ,
the CP-odd azimuthal asymmetry, defined as
A1(θ0) =
N(sinφ > 0)−N(sinφ < 0)
N(sinφ > 0) +N(sinφ < 0)
, (2)
is sensitive to
ImS ≡ Im(SRR + 2c
t
Ac
e
V
ctV c
e
A
TRR) (3)
Here N is the number of events with a given
azimuthal angle φ and polar angle of the top
quark within the θ0 cut as θ0 < θ < pi − θ0.
Fig.1 (left) shows the 90% C.L. limit on ImS
for an integrated luminosity of
∫
Ldt = 500
fb−1 and
√
s = 500 GeV and 100% TPB. The
limit of 1.6 · 10−8 TeV−2 translates to a scale
Λ of CI of order 8 TeV (for
√
s of 800 GeV
the sensitivity increases to ∼ 9.5 TeV). For
realistic TPB of Pe− = 0.8 and Pe+ = 0.6,
the limit on Λ goes down to about 6.7 TeV.
A specific example of chirality-violating
couplings at tree level has been considered
in2 with an SU(2)L doublet of scalar lepto-
quarks coupled only to first-generation lep-
tons and third-generation quarks. The az-
imuthal asymmetry A1 turns to be propor-
tional to Im(gRg
∗
L) while an asymmetry A2,
defined as in Eq.(2) but with φ → φ + pi/2
and with parallel Pe+ and Pe− , is propor-
tional to Re(gRg
∗
L); gi is the leptoquark cou-
pling to the chiral current (t¯e)i. Fig.1 (cen-
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Figure 1. The 90% CL limits on: Im S (left), leptoquark (center), and γγZ and γZZ couplings (right), as
functions of the cut-off angle θ0. [
√
s=500 GeV,
∫
Ldt=500 fb−1]
ter) shows the 90% C.L. limits on Re(gRg
∗
L)
and Im(gRg
∗
L) for leptoquark mass of 1 TeV
with realistic TPB. The limit on Re(gRg
∗
L)
is competitive with |Re(gRg∗L)| < 0.1 derived
from ge–2, while the limit |Im(gRg∗L)| < 10−6
from the electron EDM is much stronger.
b) e+e− → γZ3
Here the final-state particles are both self-
conjugate. With TPB, a T-odd, CP-even
azimuthal asymmetry can be combined with
the T-even, CP-odd forward-backward (FB)
asymmetry to give an asymmetry which is
both CP- and T-odd. A CP-violating contri-
bution can arise if anomalous CP-violating
γγZ and γZZ couplings are present.
The effective CP-violating Lagrangian
for γγZ and γZZ interactions, up to dimen-
sion 6 terms, can be written as
L = e λ1
2m2Z
Fµν
(
∂µZλ∂λZ
ν − ∂νZλ∂λZµ
)
+
e λ2
16cWsWm2Z
FµνF
νλ (∂µZλ + ∂λZ
µ) (4)
To isolate appropriate anomalous couplings
three different CP-odd asymmetries, which
combine a FB asymmetry with an appro-
priate asymmetry in φ, have been identified
in3. The derived 90% C.L. limits on real
and imaginary parts of the λ1 and λ2 cou-
plings, plotted as functions of the cut-off θ0,
are shown in the right panel of Fig.1.
2 Resonant H/A mixing in the
CP-noninvariant SUSY4
The tree level Higgs potential of the MSSM is
CP-conserving implying two h,H of the three
neutral states to be CP-even, while the third
A is CP-odd. With non-vanishing CP phases
in the soft SUSY-breaking terms, however,
radiative corrections induce the three neutral
bosons to mix forming a triplet (H1, H2, H3)
with even and odd components in the wave-
functions under CP transformations.
As expected from quantum mechanical
rules, the mixing can become very large if
the states are nearly mass-degenerate. This
situation is naturally realized in the decou-
pling limit in which two of the neutral states,
H and A, are heavy. The lightest Higgs
H1 then becomes the CP-even SM-like Higgs,
and does not mix with the H/A system. In
this limit the off-diagonal mixing term of the
2×2 mass matrix M2 in the H,A basis reads
M2HA = v
2[ 1
2
λI5c2β − 12 (λI6 − λI7)s2β ] (5)
where λIi are imaginary parts of loop-induced
quartic Higgs couplings4.
For small mass differences, the mixing is
strongly affected by the widths of the states
and the complex, symmetric Weisskopf–
Wigner mass matrix M2c =M2 − iMΓ must
be considered in total, not only the real part.
Recently a coupled-channel method has been
employed5 for the Higgs formation and decay
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Figure 2. The φA dependence of the mixing param-
eter X (left) and the Argand diagram (right) in a
SUSY model with the CP-violating phase φA.
processes at the LHC.
In Ref.4 an alternative approach has been
followed where the full mass matrix M2c is
diagonalized
M2diag = CM2cC−1 (6)
For the H/A system, the complex 2×2 rota-
tion matrix is expressed in terms of a complex
mixing angle θ, which is given by
X =
1
2
tan 2θ =
M2HA − iMHAΓHA
M2HH −M2AA
(7)
where ΓHA (M2HH ,M2AA) is the off-diagonal
(diagonal) entry of the decay (complex mass
M2c) matrix.
In Fig.2 the complex H/A mixing in the
MSSM is shown for a typical set of param-
eters: MS=0.5 TeV, |At|=1 TeV, µ=1 TeV,
tanβ=5, while varying the phase φA of the
trilinear parameter At.
A future photon collider would be an
ideal tool to study resonant CP-violation in
the Higgs sector. Two promising signatures
have been considered in Ref.4:
a) γγ → Hi formation with polarized beams
For linearly polarized photons, the CP-even
component of the Hi wave-functions is pro-
jected out if the polarization vectors are par-
allel, and the CP-odd component if they are
perpendicular. This can be observed in the
CP-even asymmetry Alin,
Alin =
σ‖ − σ⊥
σ‖ + σ⊥
, Ahel = σ++ − σ−−
σ++ + σ−−
, (8)
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Figure 3. Left: The Eγγ dependence of Alin,hel in
the production process γγ → Hi. Right: The Ett¯
dependence of C‖,⊥ in the production–decay chain
γγ → Hi → tt¯. In both figures φA = 3pi/4. The
vertical lines represent the two mass eigenstates.
since |Alin|<1 requires both scalar and pseu-
doscalar γγHi non-zero couplings. Moreover,
CP-violation due to H/A mixing can directly
be probed via the CP-odd asymmetry Ahel
constructed with circular photon polariza-
tion, as defined in Eq.(8).
b) polarization of top quarks in Hi decays
CP-induced correlations between the trans-
verse t and t¯ polarization vectors s⊥, s¯⊥ in
the decay process Hi → tt¯,
C‖ = 〈s⊥ · s¯⊥〉 , C⊥ = 〈pˆt · (s⊥ × s¯⊥)〉 , (9)
lead to a non–trivial CP-even and a CP-odd
azimuthal correlation, respectively, between
the decay planes of t→ bW+ and t¯→ b¯W−.
The left panel of Fig.3 shows the asym-
metries Alin (blue solid line) and Ahel (red
dashed line) in the γγ collider as the γγ en-
ergy is scanned from below MH3 to above
MH2 . The right panel shows the Ett¯ depen-
dence of the correlators C‖ (blue solid line)
and C⊥ (red dashed line). Both figures are
for φA = 3pi/4, a phase value close to reso-
nant CP-mixing. Detailed experimental sim-
ulations would be needed to estimate the ac-
curacy with which they can be measured.
However, the large magnitude and the rapid,
significant variation of the CP-even and CP-
odd asymmetries through the resonance re-
gion would be a very interesting effect to ob-
serve in any case.
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Figure 4. 1/R dependence of σ(e+e− → e+e− +
Emiss for unpolarized beams with ΛR = 2, 20 and
50. Polarization effects on the e− beam are shown
for ΛR = 20.
3 Testing the UED at a linear
e+e− collider6
In the simplest UED scenario considered in6
one extra dimension is accessed by all SM
particles and low-energy data constrain the
compactification radius R−1 ∼> a few hun-
dred GeV. The extra dimension y is compact-
ified on a S1/Z2 orbifold, rendering all mat-
ter and gauge fields, viewed from 4d, depen-
dent on y either as cos(ny/R) or sin(ny/R),
where n is the corresponding KK number.
The mass of the nth KK state is given by
M2n = M
2
0 + n
2/R2, where M0 is the zero
mode mass of that field. A remnant Z2 sym-
metry dictates that the KK parity defined as
(−1)n is conserved, implying (i) the lightest
Kaluza-Klein particle (LKP) is stable, and
(ii) a single KK state cannot be produced
– a reminiscent of supersymmetry with con-
served R-parity.
A tree-level degeneracy of the KK
modes of light SM particles is lifted by
radiative corrections: finite bulk correc-
tions ∆M2n ∝ β/16pi4R2, and logarithmi-
cally divergent orbifold corrections ∆Mn ∼
Mn(β/16pi
2) ln(Λ2/µ2); β represents the β-
functions of the gauge and matter KK fields
in the loop, and Λ is the UV cut-off scale.
The first KK modes of electrons, e±1 ,
should be copiously produced in e+e− →
e+1 e
−
1 at a future linear collider. The pro-
cess proceeds through the s-channel γ and
Z, and the t-channel γ1 and Z1 exchanges.
The splitting between e1 and γ1 turns to be
sufficient for the decay e−1 → e−+ γ1 with γ1
likely to be the LKP and escaping detection.
So the final state is e+e− and 2 γ1’s carrying
away missing energy. The W±1 pair produc-
tion withW1 → e+νe1, e1+νe is numerically
insignificant. The main SM background from
W+W− pair production can be eliminated
by requiring that the final electrons are suffi-
ciently soft.
Fig.4 shows the cross section for e+e− →
e+e− + Emiss with e
± energies between 0.5
and 20 GeV and polar angle away from the
beam pipe by 15◦. Events coming from ex-
cited W1 have been neglected. Not much is
gained from the beam polarization. The cross
section enhances as ΛR is increased from 2
to 20 due to the change in the n = 1 Wein-
berg angle. Clearly the signal events are quite
prominent, and the SM background after cuts
is under control.
4 Conclusions
The examples discussed above add an addi-
tional weight to the physics case of a linear
collider, strengthening its ability to explore
physics beyond the standard model.
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